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Abstract. We report first-principles local-density functional pseudopotenual
calculauons of sauc and dynamic electranic structure properues of crysulline 3-D
tzans—(CH),. We find a broken symmetry ground siae of P2/a symmetry with in-
phase duimenzauons. Using a Green's funcuona wechruque, we show that the 13-D
characier of Lhe elecuronic band cdge siawes strongly suppresses sell-wapping,
destabilizing polarons and poasibly tapolarons as well in perfectly ardered 3-D trans-
(CH,.

1. Istroauctioa

Within ssncdy nne-dimensonal (1-D) models of conducung polymers, such as rans-
polyacetylene ((CH)y). one expects a vanety of localized, “self-uapped”. nonlinear
exciations - lunk solito~s, polarons. and bipolarons - with posuible signuficant
effects ne apucai and transpon properues [1]. Present conducung polymers, on the
other hand, are tv,ucally wnherently thres-dimensional (3-D), partually crysalline
filme, 1n whuch interactions between polymer chains play an imporiant role {1].
Indeed. “solid staie scresmng” effects, both unra- and iner-chain, are frequenty
invoked 10 explan the spparemt dufferences between the exciied laiss observed 1n
trans<(CH), and thoss expeciad from extrapolauons of both measurements and
calculauons on long but fnie polyenes in he gas phase.

Although several swudies (2.3]) based on simplified theoretical models have
suggesiod thez 3-D inerchar coupding can have strong effects on Jhe | -D excitatons,
previous ab-imino theores (4.5.6) of the 3-D structure of buth rans- and c1s-(CH),
have left for (urther invesugstion Ue cnucal quest.on of whether the interchan
couplings are sufficienty stmng 1o destabilize the casmer self-urapping associaied with
intnnsic defects wn 1-D sysiems.

In Uus paper we repont the results of exwenmive furst-pnnciples studies of 3-D
cryswalline irany-«CH), and inuninsic defects 1n tus matenal For the elecuonic



structure of crystalline 3-D rans—<CH),, we employed parameter-iree local density
funcuonal theory (LDA) (7] with ab-initi0 norm-conserving pseudopotenuals for
carbon (8] and the Coulomb potenual for hydrogen in a momentum-space
representauon [9]. The exchange-correlauon energy 1s evaluaed with the funcuonal
given by Punter (10]. The Kohn-Sham equauons (9) are solved in a plane-waves
basis with up to 1400 plane waves corresponding 10 a maxumum kineus energy of 30
Rydbergs. All towal energies are converged 10 | meV.

2. Crystal and electromic structure

Since the crysal structure of 3-D raas—(CH)y in its ground state 1s sull not firmly
established, [11,12] we heve determined 1t from self-consisicnt minimizauons of the
lotal energy withun LDA, augmented by a calculauon of the Hellman-Feynman forces
(9) on the :ons.

In order w characterize fully either of the proposed monochinic structures. 10
structural conswants need (o be calculated (12). With the excepuon of the dimanzaton
amplitude uc = 22ug of the C-C bonds in the chain-direcuon, our towal energy and
force calculauons ywld all souctural parameters 1n excellent agreement with the ex-
penmental results {12]. They will be given in detail eisewhere [13]. The calculation
of the Hellman-Feynman farces proved crucial for an accurate assessment of uc since
they are an order of magrulude more sensiuve 10 uc than the wial ~nergy usell;
because of thus, previous 1otal energy studies (6] were not able (0 obtain unambig-
uous resylts for uc. Our calculauons give uc = 0.01 A. Thus, we find the LDA 0
correcy predict 8 broken symmetry groun state but ~consusiont with earlier studses,
[5.6]; to quanutauvely underesumaie the expenimental vaiue (12} which 18 uc =
0.03 A.

[rrespecuve of the precise value of uc. our resulls show that the dimenzed P21/a
structure 1s lower 1n o8l eneegy than the dimenzed P2,/n strucwure. For the
eapenmenial value for uc. the eaergy difference 15 0.01 £ 0.003 eV per (C2H7)7 unut
[14]). This dufference 1s consisient with the umudan?y of the two structures, and 13 of

the order of opucal phonon energies n soluds.

We have analyzed the electromic valence charge density of both monoc!inic
structures and find. as expected (15], that the band uates above and below the energy
gap in crysalline irans—~(CH), consist pnmanly of moleculer carbon-x-bands. In
addiuon. however, we (ind s non-negligible admiature of hydrogen p-type staics. This
H-admixture 13 larger for the lop valence band siates than (or the botlom conducuon
band sutes. leading to a parucle-hole asymmetry |16] which shows up also in the
band strucwre Each H-alom on one chain approximately pounts towands a p-orbiwal of
a C-awm on one of the neighbonng chains. The C.H distance across the chang is 2.9
A 1n the P2y/a seruciure versus 3.1 A in the P2)/n structure. This difterence provides



d crucial «ddiuonal bonding energy that favors the P2)/a structure.

In the band structure for the dimenzed P2)/a phase of cryswlline (rans-(CH), we
find that the pair of the lwo lowest conduction and highest valence bands near the k-
point B = (0,0, 1/2) are split by 0.53 eV and 0.46 eV, respecuvely. Thus splitung 1s
caused by the mieracuon of electronc carbon and hydrogen staies on adjacent chauns.
In the band structure of the P2)/n phase - which has been studsed previously (4.5] as
well as in our present work -, the splitings occur near the k-point A = (-1/2, 0, 1/2)
and are 0.23 eV for each of the band edge suates; these smaller splitungs reflect the
larger distance berween the neighbonng C and H aloms.

3. Intrinsic Deflects

In a stncly 1-D deformable chain and invoking adiabatic phonons. a charge camer
will always self-zap due 1o the ciectron-phonon interacuon; this is 1n contrast 0 the
behavior in 3-D sysiems. (5] where self-trapping 15 not guaranieed and requures a
sirong elecuon-phonon coupling. Since our resulis show that the interchan
interacuon crucially alters the effecuve dumensionality (as well as the symmetry) of
the elecoronic band states close o the mumimum gap. i 1s clearly essenual w0 study
the influence of the interchain interaction an the IntNnsc, nonlinear defects precicied
by the 1-D theones. To carrv out thus study. we have calculated the electronic
structure of 3-D crysulline irans<CHK), contaning frozen-in intnnuc defects and
focused on the formation of bound states in the energy gap.

We have mapped our (irst-pnnciples calculauons for the perfact iraas— CH)y, crystal
onto an accuraie, mulu-orbutal, three dumensional ught-binding model [13]. The wneer-
site Hamionian mamnx elements have been fited to explicit functions of the distance
between the atomic sues. The model ;eproduces both the energy bands, the aomic
character of the bands as obtaned from integraied charge densities 1n each valence
band. and Lhe electron-acousuc phonon deformauon potenuals for the band edge
states Details will be given elsewhere (13]. Due o the theoreucal uncertunty of uc
we have perfarmed Lhese calculations for several values of uc.

Employing a mulu-orbital Koster-Slater Green funcuon method (17], we have
cakulawed the elecronic structure of 1-D iraas—(CH), in the P2y/a struciure with a
localized polaron defect (18] in an otherwise perfectly 1-D dumenzed crysal.

Significantly, we find that the 3-D charscier of the band edge siates prevents the
formauon of sell-rapping inuragap swales: this destabilizes the one-dimensional
polaron excitauon 3] 1n crystalline trans-polyacetylene. When we aruficially set all
interchain matnx clements equal o zero. the polaron bound siales appear in the gap
tor any latuce diswruon, in complewe agroement with known 1-D resulus (18,19].



We have also computed the bound states due 10 a bipolaronic displacement patiern
- corresponding to a separated kink (S) and anu-kink (5) soliton. Again. the
interchain coupling strongly impedes the tormation of bound states in the energy gap
of three-dimensional trans—<CH),. Only for separauons exceeding 6 lattice constants
(14 carbon sites in chain divection) between the lunk- and anukink-soliton (S - §), a
paur of shallow bound staies appears wn the energy gap.

If we sumply extrapolate the numencal results 1o larger S - S distances, the bin-
ding energies barely exceed room temperature thermal energies for diswances S - §
smaller than 8- 10 latuce constants. There are two addiuonal factors which Limit the
stability of a bipolaron. First, as has long been recognized, the formation of a
separated kunk-anulank pair costs interchan bonding energy due W misalignment of
the dimenzed phases on adpcent chains in the region between the S - S pair. We
esumate from our tolal energy calculations thar the maximum kink separation
atanable 1n a perfectly ordered crystal 13 of the order of 50 lattice constants \n chain
direcuon. Since the electronkc wave funcuon in a lunk-bound state 13 expecied Lo
exiend over 5-10 lawuce constants, [16] this interchan confinement to 50 latuce
constants sirongly Lmats the formauon of s bipolaron. Second. if two electrons are
captured in the S - S bound state, the Coulomb repuision wall further reduce the total
effecuve binding energy. These qualilauve arguments, being backed by our Green
funcuon calculations. make i1t plausible that bipolarons are also destablized n
perfecuy ordered crystaline raas—<CH),.

To conclude. we duscuss the limiuauons. both theoreucal and in applicauon 0
presendy exisung conducung polymers. of our results and menuon some umponant
open 1ssues. First, the LDA calculauons capture only part of the correlation energy
due (0 electron-elecron many-body inecacuons (7]. We are presently applying the so-
called self-interacuon comrected LDA (20] to single chauns of (CH),: we find that this
method ends 0 give a substantally larger dimenzauon thar LDA. that For the
ground sates of many remiconduciors. insulaiors. as well us van der Waals crysuds,
(21] howeves. the LDA methods are known 1o be accurme. providing cotract energies.,
pressure dependences. phonons and phase transiuon informauon (9). Secord. the
calculated gap n the L.DA effecuve single partcle spectrum 19 aot the opucal gap but
differs from 1t by a self-energy. Iy (22.21]. Thurd. even though the (orce-free value of
the dimenzauon in owr study 13 oo small, the cnuical band-edge splitungs are
unaffected both by the seli-energy correcuon and - as our caiculauons show - by the
precise velue of the dimenzauon. Forth, previous studses (1] suggest that for localized
innnsic defects Coulomo effects ypically dnve the intragep levels towards the band
edges. further reducing thewr depth. We therefare expect that none of these thearetucal
Limiauons will invalidaie our ground state calculations of the interchasn coupling
strengths and their effects on the localized inownsic defects.

With regard w apphicauons of results W presently exisung conducung polymers,
we stress that our calonlauons have heen made lor pertectly ordered cryswalline 3-D
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trans-(CH)y. Any extrinsic defect 1s likely 10 produce gap states. At present, the
chain lengths even 1n highly onented, crysulline Durham/Graz irans-(CH), are
believed (0 be smaller than 40 C-H units. [12,24] and there 1s a high density of
broken bonds. In the morphologically complex Shirakawa maienal, many chans are
in a disordersd environment near the fibnl surface (25); it 1s thus conceivable that
opucal exciauons n parucular in this matenal exhibit properues wh:ch are more
characierisuc of single-chains of (rans-(CH)y than of the 3-D crystal. Our results
strongly suggest that a number of experunental issues. including the interpretauon of
opucal absorpuon spectra. requue extensive further study. [n this regard. recent
discussions [26] of the non-solitonic and extnnsic rature of the picosecond
phowoconducuviiy in rans—CH)y may prove illuminaung.

We thank the Centers for Matenials Science and Nonlinear Studies for
computauonal support al Los Alamos Nauonal Laborutory and the Computauonal
Sciences Division of the US DOE for compuwsuonal support &t the NMFECC a
Livermore. This work has been supporied also by the Fonds zur Forderung der
wissenschafuichen Forschung in Osterrexch.
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